We demonstrate flexible Ge nanomembrane (Ge NM) based metal-semiconductor-metal photodiodes. The effect of uniaxial tensile strain on Ge NM based photodiodes was investigated using bending fixtures. Dark current density is decreased from 21.5 to 4.8 mA/cm 2 at 3 V by a tensile strain of 0.42% while photon responsivity is increased from 0.2 to 0.45 A/W at the wavelength of 1.5 lm. Enhanced responsivity is also observed at longer wavelengths up to 1.64 lm. The uniaxial tensile strain effectively reduces the direct bandgap energy of the Ge NM, leading to a shift of the absorption edge toward a longer wavelength. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4960460] Germanium (Ge) has been widely used in near infrared (NIR) photodetection on account of its large absorption coefficient at NIR wavelengths and compatibility with the modern Si CMOS technology.
1-5 A flexible Ge photodetector is of great interest in recent years as it provides favorable characteristics such as light-weight, bendability, and robustness. The bendability property also enables the feasibility of non-flat imagers. A thin Ge layer was formed on flexible substrates via various transfer techniques in the past. 6, 7 In particular, single crystalline Ge nanomembranes (Ge NMs) released from Ge on the insulator (GeOI) wafer can offer a thickness range from tens to hundreds of nanometers. 8 In addition, the doping type and doping concentration of the Ge NM can be controlled via the choice of its donor wafer and ion implantation beforehand. Metal-semiconductor-metal (MSM) photodiodes show great advantages such as low capacitance and easy integration. 9 The MSM structure can be easily formed without using dopant diffusion such as ion implantation or spin-on dopant (SOD). 10 However, large dark current is a critical drawback in Ge MSM photodiodes due to the small bandgap energy of Ge. [11] [12] [13] Lightly doped Ge can be used in MSM photodiodes to overcome the large dark current because no ohmic contacts are required. Therefore, the combination of the lightly doped Ge NM and MSM structure could be an ideal solution for flexible Ge photodetectors. Although flexible Ge photodetectors with various device types (i.e., metal-insulator-semiconductor (MIS) and p-i-n (PIN)) have been reported, the bending effects on the photodetector characteristics have not been examined yet. 6, 7 Here, we report the fabrication and characterization of flexible Ge NM MSM photodiodes. GeOI wafer, a source material, was fabricated by wafer bonding and SmartCut V R technology. The device was characterized on a bending fixture to examine strain-induced effects. The applied strain was quantified by Raman spectroscopy and NIR light with multiple wavelengths (i.e., 1.5, 1.55, 1.6, and 1.64 lm) was focused on the device to measure the photo responsivity. We investigated the correlation between the amount of strain and dark current and photo responsivity of the photodiode.
Four inch GeOI wafers were fabricated using a direct wafer bonding technique followed by the Smart-Cut V R process. 14 The fabrication began with unintentionally doped Ge wafer (q > 40 X cm) which corresponds to a doping concentration of less than 3.7 Â 10 13 cm
À3
. The detailed procedure of GeOI wafer fabrication can be found elsewhere.
14 In short, hydrogen (H) ions (dose: 1 Â 10 17 cm À2 and energy: 100 keV) were ion implanted on a Ge wafer capped with a 100 nm thick plasma enhanced chemical vapor deposition (PECVD) SiO 2 , followed by the direct bonding with a Si wafer coated with a 200 nm thick thermal oxide. An 700 nm thick Ge layer was exfoliated from the Ge wafer and transferred onto the oxidized Si wafer using a two-step annealing process (200 C for 3 h and 250
C for 1 h). The rough Ge surface which was damaged during the implantation process was then chemically and mechanically polished and achieved a 400 nm Ge layer thickness with a 0.656 nm root mean square (RMS) surface roughness. Fig. 1(a) shows an optical image of the finished GeOI wafer. Fig. 1 (b) shows a schematic process flow of flexible Ge NM MSM photodiodes. The process began with the GeOI wafer ( Fig. 1(b) i) ) followed by the release and transfer of the Ge layer. A top Ge layer was patterned to an array of Ge islands (size: 40 Â 80 lm 2 ) using reactive ion etching (RIE). A SiO 2 buried oxide layer was selectively etched by hydrofluoric acid (HF, 49%) and the Ge layer, now called Ge NM, was released and (Fig. 1(b) ii)) flip-transferred onto the adhesive layer (SU8-2002) coated polyethylene terephthalate (PET) substrate ( Fig. 1(b) iii)). Interdigitated metal electrodes (Ti/Au ¼ 50/450 nm) with a 2 lm width and a 6 lm distance between the electrodes were e-beam evaporated on the transferred Ge NMs and lifted off ( Author to whom correspondence should be addressed. Electronic mail: mazq@engr.wisc.edu spectroscopy. A 532 nm green laser was used to focus the surface of the Ge NM with a 100Â objective lens. Fig. 2(a) shows the correlation between radii of the fixtures and induced tensile strain. The inset of Fig. 2(a) shows Raman spectra measured from the Ge NMs under the flat condition and bent PET substrate (Radius ¼ 21 mm), respectively. The Raman scattering peak by the Ge-Ge vibration modes for the Ge NM appeared at 300.29 cm À1 without strain. The Ge Raman peaks measured under bending conditions were shifted to a smaller wavenumber, indicating that tensile strain was induced by the bending fixtures.
The uniaxial tensile strain in (001) Ge can be extracted based on the Raman shift using the following equation:
where e is the uniaxial strain along the h110i direction and Dx is the Raman peak shift. The Raman peak shifts of the Ge NMs bent along the h110i direction on the fixtures with radii of 77.5, 38.5, and 21 mm were measured to be 0.22, 0.46, and 0.84 cm
À1
, respectively. Using Eq. (1), the uniaxial tensile strains of bent Ge NMs were calculated to be 0.11, 0.23, and 0.42%, respectively. Strain values extracted from Raman spectroscopy were confirmed with strain values associated with bending fixtures using the following equation:
where R is the radius of the fixture and T is the thickness of the bent object (lm). T includes the thicknesses of the PET film (175 lm), the adhesive layer (1 lm), and the Ge NM (0.4 lm). The uniaxial tensile strains corresponding to radii of 77.5, 38.5, and 21 mm were calculated to be 0.11, 0.23, and 0.42%, which agreed well with values from Raman results. Fig. 2(b) shows the band diagram of the MSM photodiode under applied forward bias, which exceeds the flat-band voltage. When photons with larger energy than the bandgap of Ge (i.e., 0.66 eV) are absorbed, electron-hole pairs are generated and swept separately by the built-in electric field (See Fig. 2(b) i) ). Since the absorption coefficient of Ge is greater under tensile strain, 17 more electron-hole pairs are generated by the same condition, leading to increased photo currents (See Fig. 2(b) ii) ). Also, a reduced Schottky barrier height (SBH) between the strained Ge NM and a metal contact is attributed to the split valence band, compared to the unstrained Ge. Change of SBH under mechanical strain can be calculated by the following equation: 
where / bn is the barrier height, / m is the metal work function, and v is the electron affinity of the semiconductor. Since the change of the work function (/ m ) under the strain applied to devices is almost negligible, the change of the conduction band edge of the semiconductor is mainly attributed to the change of the SBH. 18 According to Ref. 18 , less than 0.01 eV of SBH reduction is expected under uniaxial tensile strain of 0.42%. The reduction in SBH represents less than 1% of SBH between Ti/Au and n-type Ge. Since SBH is significantly lowered by the forward bias, the effect of SBH reduction by tensile strain on photocurrent is almost negligible. Therefore, the percentage of the increased photocurrent caused by the change of SBH is nearly 0%. The increased photocurrent is mostly due to the enhanced absorption coefficient by tensile strain.
Current-voltage characteristics of Ge NM based MSM photodiodes were measured by a HP4155B semiconductor parameter analyzer under dark and illuminated conditions. An infrared light source with various wavelengths (i.e., 1.5, 1.55, 1.6, and 1.64 lm) from a tunable external cavity laser (TUNICS-Plus) was used to focus the devices via a lensed fiber. The output powers from the lensed fiber at different wavelengths were measured by a laser power meter (Edmund Coherent V R FieldMate). The Ge NM photodiodes were initially characterized under the flat condition (i.e., without strain). Fig. 3(a) shows dark and photocurrent of the Ge NM photodiode at a bias range from 0 to 3 V. Fig. 3(b) shows the responsivity as a function of wavelength at 2 and 3 V voltage bias conditions. The responsivity values were measured to be 0.17 and 0.20 A/W under a wavelength of 1.5 lm at 2 and 3 V, respectively, which continuously decreased with increasing wavelength. This trend is ascribed to the sharp reduction of the absorption coefficient of Ge at 1.5 lm. Namely, the absorption coefficient of Ge is 5 Â 10 3 cm À1 at 1.5 lm, and decreases to 60 cm À1 at 1.6 lm.
19 Fig. 3(c) shows the responsivity as a function of optical power at 1.55 lm and V ¼ 2 V and 3 V. As expected, the responsivity slightly decreased from 0.020 to 0.015 A/W at 3 V as the optical power is increased from 55 to 220 lW. However, the photocurrent at 1.55 lm linearly increased under the increasing optical powers (i.e., 55, 100, 120, 180, and 220 lW, respectively) as shown in Fig.  3(d) . The result indicates that photo-generated carriers are responsible for the generated photocurrent under illumination.
To further investigate the correlation between the optical property and the strain, the performance changes of Ge NM photodiodes by the uniaxial tensile strain were evaluated. Fig. 4(a) shows the measured dark current density under various degrees of strain. The dark current density was measured to be 21.5 mA/cm 2 at 3 V without strain. It should be noted that the dark current density is lower than those of reported Ge MSM photodiodes which typically are on the order of 100 mA/cm 2 . 20 This low dark current density demonstrates the high quality of the transferred Ge NM. The dark current density constantly decreased to 14.8, 8.5, and 4.8 mA/cm 2 under the strain of 0.11, 0.23, and 0.42%, respectively. The suppression of the dark current was attributed to the splitting of the valence bands of Ge NM into light-hole (LH)/heavy-hole (HH) under the uniaxial tensile strain. 21 Because the top of the valence band of Ge NM is composed of the LH band, intrinsic carrier density is decreased by the reduction of the density of states for holes, leading to the suppressed dark current. 22 Although other groups claimed the opposite effect of tensile strain on dark current, 23, 24 their increased dark current is mainly attributed to dislocations in Ge layer introduced by growth of Ge on Si. Fig. 4(b) shows the responsivity as a function of strain at wavelengths 1.5, 1.55, 1.6, and 1.64 lm. The responsivity was measured to be 0.2 A/W without strain, while it increased to 0.29, 0.3, and 0.45 A/W under 0.11, 0.23, and 0.42% strain, respectively, at 1.5 lm. In addition, the responsivity values were also enhanced at longer wavelengths as the strain is increased. Since the direct bandgap energy at the C valley decreases faster than the indirect bandgap energy at L valley under tensile strain, a relative enhancement in the optical property of Ge NM is expected. In order to examine the strain effect in Ge, the bandgap shrinkage was calculated using deformation potentials of Ge. 25 Theoretical calculation reveals that the energy difference between the C and L valleys is reduced from 133 meV (i.e., unstrained Ge) to 122 meV under 0.42% uniaxial tensile strain. The result suggests that an absorption edge of Ge expands toward lower energy (i.e., longer wavelength), allowing the detection range of the photodetector to cover a wavelength longer than 1.5 lm. Overall, tensile strained Ge NM based MSM photodiodes exhibit the enhancements in performance of not only low dark current but also high responsivity. In summary, we have demonstrated flexible Ge NM based MSM photodiodes operating at a NIR range on the PET substrate. The optical and electrical characteristics of the uniaxial tensile strained photodiodes were investigated. The dark current density of the photodiode was reduced from 21.5 to 4.8 mA/cm 2 at 3 V, and the responsivity was increased from 0.2 to 0.45 A/W at 1.5 lm by applying 0.42% strain. In addition, the enhancement in the responsivity was also observed at longer wavelengths up to 1.64 lm. Improved performance such as dark current reduction and responsivity increase is ascribed to the bandgap shrinkage induced by tensile strain. The study indicates that mechanical strain can be used to enhance the performance of Ge photodetectors and, furthermore, Ge NM is suitable for making flexible NIR detectors with enhanced performance over rigid Ge wafer.
